In adult tissues and organs with high turnover rates, the generation of transit-amplifying cell (TAC) populations from self-renewing stem cells drives cell replacement. The role of stem cells is to provide a renewable source of cells that give rise to TACs to provide the cell numbers that are necessary for cell differentiation. Regulation of the formation of TACs is thus fundamental to controlling cell replacement. Here, we analyze the properties of a population of mesenchymal TACs in the continuously growing mouse incisor to identify key components of the molecular regulation that drives proliferation. We show that the polycomb repressive complex 1 acts as a global regulator of the TAC phenotype by its direct action on the expression of key cell-cycle regulatory genes and by regulating Wnt/b-cateninsignaling activity. We also identify an essential requirement for TACs in maintaining mesenchymal stem cells, which is indicative of a positive feedback mechanism.
In Brief
Using a combination of transcriptomic and epigenomic approaches, An et al. show that polycomb Ring1 in transitamplifying cells acts as a global regulator by directly inhibiting Cdkn2a and regulating Wnt/b-catenin-signaling activity. Loss of proliferation of TACs results in MSC apoptosis, yielding positive feedback between TACs and mesenchymal stem cells.
Data and Software Availability GSE104893 GSE104891 GSE104892 GSE104934
INTRODUCTION
The continuously growing mouse incisor is increasingly studied as a model to investigate the organization of adult mesenchymal stem cell (MSC) niches (An et al., 2018; Sharpe, 2016; Yu et al., 2015) . The self-sharpening action at the tips of opposing incisors resulting from their occlusion results in the continuous loss of cells (Pang et al., 2016) . These cells are continuously replaced by the activity of stem cell populations located at the proximal end of the incisor. The directional growth of the incisor means that the stem cells and their progeny (transit-amplifying cells) have clearly defined positions along the proximodistal axis, and thus cell conversions and interactions can be studied easily. A population of slow-cycling, Shh-responsive mesenchymal stem cells occupies an area of dental pulp in the proximal core of the incisors between the epithelial cervical loops, which can be identified as Gli1 + cells (Zhao et al., 2014) . These MSCs give rise to a spatially distinct transit-amplifying cell (TAC) population of rapidly proliferating cells that differentiate into the main specialized tooth-specific cell type, odontoblasts, and the fibroblastic pulp cells. Odontoblasts are required for the formation of the main mineralized tissue of the tooth, the dentin. The MSCs reside in a neurovascular bundle at the proximal end of the incisor from which they receive Shh signals required for their maintenance (Zhao et al., 2014) . Genetic lineage tracing has established that both neuronal glial cells and pericytes act as sources of these MSCs (Feng et al., 2010 (Feng et al., , 2011 Kaukua et al., 2014) . Distal to the MSCs, the TACs continuously form odontoblasts and pulp cells, although because TACs are pulp cells themselves, it is unclear whether this is an active or a passive differentiation process. Odontoblasts form around the periphery of the incisor and the spatial location of individual MSCs, and their TAC progeny determines the relative contributions to odontoblast and/or pulp cell differentiation (Kaukua et al., 2014) . In addition to their high proliferation rate, TACs can be distinguished by the expression of the components of the polycomb repressive complex 1 (PRC1) that are required to maintain TAC proliferation (Lapthanasupkul et al., 2012) .
In adulthood, a state of growth homeostasis is achieved by the rate of transition of MSCs to TACs and the subsequent rate of TAC proliferation and differentiation. The transition from a slow-cycling, self-renewing, non-differentiating stem cell into a fast-cycling, non-self-renewing, differentiating progenitor cell phenotype (TAC) must be a highly regulated process but one that is poorly understood. In addition, the extent to which there is feedback communication between TACs and MSCs to maintain the rate of MSC-TAC conversion is unknown.
Using a combination of transcriptomic and epigenomic approaches, we show here that expression of components of PRC1 in TACs regulates their proliferation by directly inhibiting the cell-cycle inhibitor Cdkn2a and activating the expression of positive cell-cycle regulators such as cyclin E2, Cdc6, and Cdc45. The transition from slow to fast cycling is enhanced further by the Wnt/b-catenin-signaling pathway, which is elevated in TACs by the action of members of the Zic family of transcription factors that also are regulated directly by PRC1. Finally, we show that loss of proliferation of the TAC population results in the rapid loss of MSCs as a result of apoptosis, identifying a positive feedback mechanism of communication between TACs and MSCs.
RESULTS

Ring1b Expression Co-localizes with TACs
Ring1b expression has been shown to be localized in the region of mesenchymal cells, with the highest rates of proliferation in the mouse incisor, and its targeted deletion resulted in the loss of TAC proliferation and arrest of incisor growth (Lapthanasupkul et al., 2012) . To visualize different cell proliferation rates in the incisor, we used nucleoside analog (5-ethynyl-2 0 -deoxyuridine [EdU]) incorporation to identify the TACs ( Figures 1A and S1 ) as being distal to the slow-cycling MSCs ( Figure 1B ). TACs were identified as EdU + cells chased for 16 to 24 hr, while slow-cycling cells were EdU labeled for 4 weeks followed by chasing for another 2 to 6 months. Fluorescence-activated cell sorting (FACS) analysis of EdU + cells identified approximately 16% of total pulp cells as TACs ( Figure 1A ) and 2.5% as slowcycling MSCs ( Figure 1B Figure 1L ), as shown previously (Lapthanasupkul et al., 2012) . Ring1b protein is thus specifically localized in the rapidly proliferating MSCs of the incisor, just distal to the location of the slow-cycling MSCs.
Genome-wide Analysis of PRC1 in TACs
To gain a genome-wide view of PRC1 components in TACs, we used FACS-sorted TACs and carried out low-input chromatin immunoprecipitation sequencing (ChIP-seq) with Ring1b antibodies in addition to H3K4me3 and H3K27me3 histone codes to determine the active and repressive regions regulated by Ring1. Peak calling on H3K4me3, H3K27me3, and Ring1b ChIP-seq, identified 14,361, 11,341, and 3,938 gene loci, respectively (Figure 2A ). A total of 2,624 gene loci were comarked by H3K4me3 and Ring1b, whereas 1,591 loci were marked with H3K27me3 and Ring1b. Representative genome browser snapshots of repressed and active genes are shown in Figure 2B . Heatmaps were generated to determine active region distribution across targets on H3K4me3 and H3K27me3 ChIP-seq via bigWIG metrics and defined as five clusters, C1-C5 ( Figure 2C ). C1, C4, and C5 groups are gene loci bound by H3K4me3 at the transcription start site (TSS), 500 bp downstream and 1 kb upstream of the TSS, respectively. C2 is a group bound by H3K4me3 only, and group C3 shows no difference between H3K4me3 and H3K27me3.
Hox genes are known targets of PRC1 (Elderkin et al., 2007; Eskeland et al., 2010; Suzuki et al., 2002) , and our ChIP-seq data identified a number of Hox genes occupying the same loci as Ring1b with H3K27me3 but no enrichment with H3K4me3 ( Figure S2 ). Peak calling on H3K4me3 revealed PRC1 component genomic distribution in TACs. Genome browser snapshots showed enriched peaks of Ring1a, Ring1b, Cbx2, and Pcgf1/2 at gene promoter regions on H3K4me3 ChIP but no enrichment on H3K27me3 ChIP ( Figure 2D ). To identify the protein-protein co-localization, we collected flow-sorted EdU + cells (TACs) and carried out immunofluorescence with Ring1b and Cbx2. We found co-localization of Ring1b and Cbx2 in TACs . Based on the role of PRC1 in chromatin modification, we performed co-immunoprecipitation and identified a Ring1b interaction with H3K27me3 but not with H2AK119ub ( Figure 2H ). Conditional knockout of Ring1b decreased trimethylation levels of H3K27 as revealed by western blots ( Figure 2I ). These results demonstrate that the PRC1 complex in TACs comprises Ring1b, Cbx2, and Pcgf1/2 and has a repressive role via trimethylation of H3K27 rather than monoubiquitination on H2AK119. Figure 3A ; Table S1 ). Principal component analysis (PCA) confirmed and grouped the samples by similarities and differences. As visualized in the PCA plot, the control samples clustered separately from the Ring1 deletion samples ( Figure 3B ). Hierarchical clustering of samples showed the genes differentially expressed upon Ring1 deletion and included a number of Hox genes and cell-cycle inhibitors as upregulated (Figures 3C and S4; Table S1 ). We carried out detailed Gene Ontology, Kyoto Encyclopedia of Genes and Genomes (KEGG), and WiKiPathways analyses of downregulated genes that revealed the top five pathways to be related to cell proliferation ( Figure 3D ). These results demonstrated that Ring1b likely acts as a cellcycle regulator during homeostasis in the continuously growing mouse incisor. Because the defining feature of TACs is their high rate of proliferation, we focused on the epigenomic status of key cell-cycle regulatory genes. We further validated four of the positive cellcycle regulators, cyclin E2, Cdc45, Cdc6, and Cdc7, as genes involved in G1-S control and DNA replication and found to be downregulated upon Ring1 deletion (Figures 3E and 3I; Table  S2 ). These gene loci also were recognized by Ring1b and H3K4me3 but not by H3K27me3 in ChIP-seq datasets (Figure 3F) . We next analyzed the upregulated genes via heatmaps and dot plots and identified the elevated expression of Cdkn2a, a major negative cell-cycle regulator from the microarray analysis ( Figure 3G ). ChIP-seq identified Cdkn2a as a direct target of Ring1b marked by H3K27me3 bound across the entire gene locus ( Figure 3H ). This overall pattern was consistent for all positive and negative cell-cycle regulatory genes in microarrays and ChIP-seq data, because all of them were found bound by Ring1b. Real-time PCR confirmed the downregulated G1-S control genes and the upregulated cell-cycle inhibitor Cdkn2a following depletion of Ring1 ( Figure 3J ; Table S2 ). Loss of Ring1 function thus has major effects on gene expression in incisor mesenchymal cells. Genes that positively regulate the To label fast-cycling cells (TACs), postnatal day 5 pups were given a single EdU injection (3.3 mg/g BW) and sacrificed after 16-24 hr (A). To identify slowcycling cells, postnatal day 5 pups were given daily EdU injections (3.3 mg/g BW) for 4 weeks and traced for 2-6 months before tissue collection (B). Click-it EdU image kit was used for EdU detection on sagittal sections of mouse incisors. EdU was labeled with Alexa Fluor 594 dye and DAPI was used for nuclear labeling. (C-G) Immunofluorescence showed that Ring1b (C) co-localized with EdU-labeled TACs (D) in dental mesenchyme (82% EdU + are Ring1b + , and 70% Ring1b cell cycle were downregulated, whereas a major negative regulator was upregulated.
Identification of the Wnt/b-Catenin Pathway in TACs
The microarray analysis revealed downregulation of Wnt/b-catenin pathway genes in TACs following the loss of Ring1 function ( Figure 3D ). To investigate this further, we mined the ChIP-seq datasets for cell-signaling pathways using Protein Analysis Through Evolutionary Relationships (PANTHER) (Mi et al., 2013) . GO enrichment analysis showed that Wnt/b-catenin signaling emerged as the top pathway hit on both Ring1b (Figure 4A ) and H3K4me3 datasets ( Figure 4B ). Wnt target genes such as Axin2, b-catenin, cyclin D1, cMyc, E2f1, and Twist1 showed peaks co-occupied by H3K4me3 and Ring1b but not by H3K27me3 in ChIP-seq ( Figure 4C ). qPCR confirmed the downregulation of Wnt targets by Ring1 deletion ( Figure 4D ). Zic genes code for transcriptional repressors of Wnt signaling activity and are repressed in cells where Wnt pathway genes are active (Chiacchiera et al., 2016) . The H3K27me3 dataset identified Zic1/2 genes as bound loci that also were bound by Ring1b ( Figure 4E ), which is consistent with Wnt-signaling activity in TACs being regulated by Ring1. Further support for this role came from qPCR of Ring1b À/À pulp cells that showed dramatically increased expression of Zic1 and Zic2 (Figures 4F and S4; Table S2 ). Ring1 is thus bound at loci of both Wnt-signaling pathway active genes and Wnt-signaling pathway repressor genes in combination with either H3K4me3 or H3K27me3, respectively.
Wnt/b-Catenin Pathway In Vivo
To confirm the status of Wnt/b-catenin-signaling activity in TACs in vivo, we used Axin2 LacZ mice (van Amerongen et al., 2012) . Maximum levels of Axin2 expression ( Figure S5 ) were localized in the regions occupied by TACs ( Figure S5 ) and was expressed in odontoblasts. Little Axin2 expression could be visualized in stem cells, as has been suggested from TOPGal staining (Yang et al., 2015) . To confirm this location, we used genetic lineage tracing of Axin2-expressing cells with 
TACs Are Required for Stem Cell Maintenance
We hypothesized that the loss of cell proliferation in the TAC zone as a result of the loss of Ring1 function also may indirectly affect the stem cells because TAC numbers and stem cell division must be interlinked in some way. Using the nucleoside retention to detect the slow-cycling stem cells ( Figure 6A ), we observed that EdU + cells were barely detectable 96 hr posttamoxifen induction of Ring1b deletion on a Ring1a À/À background compared with controls ( Figure 6B ). Tunel assays showed that whereas few apoptotic cells were present in the stem cell zone before tamoxifen administration, 96 hr after administration (Ring1b cko/cko ;Ring1a
), a line of apoptotic cells corresponding to the location of slow-cycling stem cells was observed ( Figure 6C ). Significantly, no increase in apoptotic cells was observed in the TAC zone or elsewhere in the incisor (Figure 6C ). Because Wnt signaling activity is localized to TACs, we investigated the impact of blocking Wnt activity in TACs. Gpr177 codes for the Wntless protein that is required for the secretion of Wnt ligands (Carpenter et al., 2010) . We generated Wntless conditional mutant mice using Wls flox/flox crossed with
Axin2
ERT2cre and administered tamoxifen to adult animals. Seven days post-tamoxifen, cell proliferation in TACs detected by nucleoside incorporation was substantially reduced, as was the rate of incisor growth (Figures 6D and S5C) . Using the early apoptosis marker, annexin V, we identified apototic cells exclusively in the stem cell zone 2 days post-tamoxifen following Ring1-targeted deletion in TACs (Axin2 ERT2cre ) ( Figure 6E ). Loss of Wnt activity in TACs thus phenocopies the loss of Ring1 function showing reduced proliferation and stem cell apoptosis. 
DISCUSSION
The continuously growing mouse incisor provides a model for studying stem cell functions in growth homeostasis. The extremely rapid growth (500-600 mm/day) (Smith and Warshawsky, 1975 ) and the distinct anatomical locations of the stem cell compartments enables cell interactions to be studied in vivo (An et al., 2018; Feng et al., 2011; Juuri et al., 2012; Kaukua et al., 2014; Lapthanasupkul et al., 2012; Seidel et al., 2010; Wang et al., 2007; Zhao et al., 2014) . Nucleoside incorporation identifies spatially distinct populations of slow-and fast-cycling cells at the proximal end of the tooth. The slow-cycling cells are Shh responsive, and lineage tracing using Gli1Ert2cre confirms these cells to be stem cells (Zhao et al., 2014) . A distally adjacent population of fast-cycling cells are progenitors (TACs) that differentiate into the specialized mesenchymal cells of the tooth, the odontoblasts that form dentin, and the fibroblastic pulp cells. The transition from slow-cycling, self-renewing stem cells to fast-cycling, non-self-renewing TACs that differentiate into tooth mesenchymal cells is pivotal in controlling the growth rate of the incisor. Whereas genetic lineage tracing has identified the stem cells as Gli1 + cells occupying a neurovascular niche, less is known about the TACs and how their proliferation is activated.
We had identified components of the PRC1 complex as being expressed in the TACs and shown that deletion of the core complex component Ring1 resulted in a loss of TAC proliferation (Lapthanasupkul et al., 2012) . Functional PRC1 is thus required for TAC proliferation and incisor growth, but its function in controlling proliferation was not understood. We describe here the application of gene expression comparisons and ChIP-seq anal- ysis to identify PRC1 target loci in TACs and correlate these with changes in gene expression following the loss of Ring1. We find that Ring1 co-localizes with Cbx2 in TACs and with H3K27me3 but not H2AK119ub in immunoprecipitations, suggesting a repressive role for PRC1 via association with trimethylation on H3K27 rather than monoubiquitination on H2AK119. Cbx2 shows preference for H3K27me3, whereas Cbx4 and Cbx7 chromatin domains exhibit preference for H3K9me3 (Bernstein et al., 2006; Kaustov et al., 2011; Tardat et al., 2015) , and almost no affinity for Cbx6 and Cbx8 for H3K27me3 (Bernstein et al., 2006; Kaustov et al., 2011) . Previous ChIP-seq data revealed that PRC1 target domains are broadly or sharply localized with H3K27me3 (Ku et al., 2008) , which also was identified by our ChIP-seq datasets. Likewise, our results further suggested that a repressive mechanism of PRC1 in TACs is via Cbx2 association with H3K27me3 independent of histone H2A modification.
There were 2,624 loci identified that bound both Ring1b and H3K4me3, a gene transcription activation mark. Among these Ring 1b/H3K4me3-bound loci were a number of positive regulators of the cell cycle, whereasloci bound by Ring1b and H3K27me3 included major cell-cycle inhibitors such as Cdkn2a, a known direct target of PRC1 (Biehs et al., 2013; Dietrich et al., 2007) . Microarrays comparing gene expression between Ring1b + and Ring1b À pulp cells showed a decrease in positive cell-cycle-regulator expression following Ring1a/b deletion and a significant increase in Cdkn2a expression. These results suggest that the cell cycle is dually regulated by PRC1 through activating positive cell-cycle regulators and repressing negative regulators.
Identification of the range of expression levels at PRC1 targets by ChIP-seq suggests that PRC1 does not act as an absolute repressor, but it may regulate the extent of RNA polymerase II (RNAPII) transcriptional activity (Brookes et al., 2012; Enderle et al., 2011; Schwartz and Pirrotta, 2008) . Studies have highlighted the opposite scenario of polycomb group (PcG) complexes as activators of gene transcription (Aranda et al., 2015; Frangini et al., 2013; Gao et al., 2014) under different cellular contexts. For example, PRC1 co-occupies active target genes with the Aurora B kinase (Frangini et al., 2013) ; CK2 protein phosphorylates Ring1B at serine 168 (Gao et al., 2014) and regulates the local topological interaction with Meis2, which binds to a tissue-specific enhancer involved in removing PRC1 from the promoter (Kondo et al., 2014) . Aurora B kinase is present in mouse dental pulp mesenchyme and is localized to the TAC region ( Figure S6 ; Table S3 ), which is the same expression region as Ring1b and may explain the role of PRC1 on transcriptional activation for controlling some positive cell-cycle regulators in TACs.
The main signaling pathway identified from the Ring1/H3K4me3 ChIP-seq datasets was Wnt/b-catenin. The Wnt/b-catenin pathway is involved in the control of cell proliferation, stem cell self-renewal, and cell fate specification, and is associated with several diseases (Clevers, 2006; Clevers and Nusse, 2012; Moon et al., 2004; Reya and Clevers, 2005) Wnt signaling can either stimulate or restrain the process of apoptosis, according to specific cellular environment contexts (Brocardo and Henderson, 2008; Pe cina-Slaus, 2010; Yeo and Gautier, 2004) . Through the inhibition of Zic transcription factors, PRC1 sustains Wnt/b-catenin activity and preserves adult stem cell identities (Chiacchiera et al., 2016) . Our results identify the cooccupied binding loci of Zic1/2 and Wnt target genes by Ring1b. Loss of Ring1b causes the upregulation of Zic1/2 and the downregulation of Wnt signals, indicating that PRC1 regulates the Wnt signaling pathway by repressing Zic1/2 transcription factors.
Depletion of Ring1b decreased cell proliferation in TACs and, surprisingly, caused specific apoptosis of the stem cells. We assume that TACs act as a supportive environment for stem cell maintenance and hypothesize that secreted signaling proteins produced by TACs act as positive regulators on the adjacent stem cell population. Loss of Wnt signaling also resulted in the apoptosis of stem cells, indicating that Wnt/b-catenin activity downstream of PRC1 is required for stem cell maintenance.
EXPERIMENTAL PROCEDURES EdU/BrdU Incorporation and Staining
To label fast-cycling cells, mice were intraperitoneally (IP) injected with one dose of EdU (3.3 mg/g body weight) or 5-bromo-2 0 -deoxyuridine (BrdU) (100 mg/kg body weight) and sacrificed after 16-24 hr. For slow-cycling cell labeling, pups post-natal days 2-5 were IP injected with EdU daily for 4 weeks and chased for another 4 weeks to 6 months before tissue collection. See the Supplemental Experimental Procedures for details.
Flow Cytometry
Mouse incisor pulp tissue was freshly dissected and dissociated as a single cell suspension by TrypLE Express Enzyme (Thermo Fisher Scientific, catalog no. 12604013). Cells were then fixed and stained by Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay kit (Invitrogen, catalog no. C10424), according to the protocol before being subjected to flow cytometry. FACS analysis was carried out on a BD Fortessa cell analyzer and data were analyzed by BD FACSDiva 6.1.3 (both BD Biosciences) or FlowJo software.
ChIP-Seq
See the Supplemental Experimental Procedures for details. Basically, 75-nucleotide sequence reads generated by Illumina sequencing (NextSeq500) were mapped to the mouse genome (mm10 assembly) using the BurrowsWheeler Aligner (BWA) algorithm. The resulting BAM files were then analyzed, and peak calling used model-based analysis of ChIP-seq (MACS) (Zhang et al., 2008) to identify genomic regions enriched in the proteins in comparison to the total genomic input DNA. Histone ChIPs were analyzed with Spatial Clustering for Identification of ChIP-Enriched Regions (SICER) (Zang et al., 2009 ).
Gene Microarray
Biological triplicates were processed separately through the entire microarray procedure. Total RNA was extracted using miRNeasy Mini Kits (Qiagen, catalog no. 217004), and cDNA was synthesized using standard Affymetrix protocols. Samples were hybridized to Affymetrix GeneChip Mouse Genome 430 2.0 Arrays. CEL files were generated and then analyzed using Partek Flow pipelines. Reads were aligned with BWA and quantified to the annotation model (Partek E/M). Data were normalized, and genes were analyzed using differential gene expression (GSA) algorithm. 
Mice Information
Microscopy and Imaging
Confocal microscopy used a Leica TCS SP5 system and imaging processing analysis used Leica LAS AF imaging software. For Ring1b and Tunel detection, argon laser 488 nm line excitation and emission maximum at 525 nm were used. For EdU, BrdU, and annexin V excitation, the argon laser 561 nm was used for excitation and, at 617 nm, used as maximum emission. DAPI/Hoechst 33342 was detected using violet (405 nm) laser line and emission maximum at 470 nm. LacZ sections images were obtained on a Zeiss microscope.
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